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Absorption results in straight paths. By means of numerical calculations the researchers could 
track the distribution of the light intensity within an opaque material. The light enters the material 
from the left-hand side. In the top figure several scattering paths are seen, showing that the light 
follows a random walk through the material (blue curves). The light leaves the material in random 
directions (blue arrows), making imaging impossible. The bottom image shows what happens in 
an absorbing opaque material such as coloured paper or paint. The light propagates via straighter 
paths and exits in nearly the same direction as it enters (blue arrows). Consequently a better image 
is visible on the right side. 
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1. Scientific results 2014 
The FOM programme 'Stirring of light!' is gaining steam. This is reflected by the gratifying fact that 
many new results have appeared on wavefront shaping, optics, nanomaterials, and theory. One of 
the central goals of FOM 'Stirring of light!' project is to use the powerful technique of wavefront 
shaping - invented in the Netherlands - to control light propagation and absorption in scattering 
media. Wavefront shaping involves controlling the phase of a coherent light incident on a multiple 
scattering medium for the purpose of focusing the beam behind the sample. The Twente team has 
conducted a study on how light diffuses inside a scattering medium while it is being 'stirred', 
that is, when the wavefront of incident light is spatially shaped. When unshaped light (e.g. plane 
waves) is incident on a scattering medium, light spreads due to diffusion in a similar way that dye 
particles diffuse in water. In case of shaped incident light, the way light diffuses inside the 
scattering medium is unknown. The scattering medium is opaque, therefore looking inside the 
medium is quite a challenging task. Using our ingenious technique of fluorescence microscopy 
shown in Figure 1a, we probe the total energy density inside a scattering medium of ZnO 
nanoparticles by exciting fluorescent particles randomly positioned inside the sample [3].  

 

 
Figure. 1 (a) Schematic of the method to probe the total energy density inside a scattering medium. 
The scattering medium is an ensemble of disordered ZnO particles. The medium is illuminated with a 
shaped incident wavefront such that the incident light (green intensity) is optimized on a diffraction-
limited spot at the back of the sample. The scattering medium is lightly doped with fluorescent spheres 
randomly positioned inside the medium. The fluorescent spheres probe the energy density inside the 
sample. The total fluorescent intensity emitted from the fluorescent spheres (red intensity) is meas-
ured by an electron multiplying charged-coupled device (EMCCD). (b) Experimentally derived data 
and model curve of the fluorescent intensity enhancement in ZnO scattering sample versus sample 
thickness. Red squares are the results of the fluorescent intensity enhancement extrapolated to unity 
intensity control. The blue solid line is the calculated fluorescent intensity enhancement. From Ref. 3.  

 

Strikingly, we observe an enhancement in fluorescent intensity for shaped incident light compared 
to unshaped incident light. From our measurement shown in Figure 1(b), we demonstrate that the 
fluorescent intensity enhancement increases with the sample thickness. Our experimental result 
agrees well with our model, which is based on the solution of the diffusion equation, and that has 
no adjustable parameters. Our observation of the enhanced the total energy density inside the 
scattering medium has the potential of applications in enhanced energy conversion in white LEDs, 
efficient light harvesting in solar cells, low threshold random laser, and controlled illumination in 
biomedical optics. 
 
Ahead of planning, the Twente team has designed and built a mobile optical wavefront-shaping 
setup that can be readily moved to the location of one of the other teams. The mobility of the setup 
was repeatedly demonstrated by moving it to Amsterdam (several times) and Delft. The setup is 

(a) (b) 
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so robust that even after transport in the back of a car, it is operational within one half hour. As a 
result, fellow-teams have the opportunity to quickly start with wavefront shaping in combination 
with their own techniques. In the spring of 2015, the setup will even be used by a foreign industrial 
partner for tests.  
 

(a)  (b)  
Figure. 2 (a) Scheme of the FDTD simulation cell used to study the scattering of a guided mode from 
a single subwavelength hole in a dielectric slab. The cell size is 8 times the wavelength and it is sur-
rounded by perfectly matching layer. (b) We compare the differential scattering cross section for a 
single hole of diameter d=0.125 λ in a dielectric slab of different thickness (colored dashed line) to the 
cross section of an infinite cylindrical hole in the same dielectric (dashed black curve), calculated with 
Mie scattering theory. For TM polarization we find that the hole in the slab has enhanced forward 
scattering and therefore is more directional compared to the corresponding Mie cylinder.

The Leiden team has investigated the scattering of guided light in dielectric waveguides from sub-
wavelength holes (see Fig. 2) by finite-difference time domain (FDTD) analysis. This analysis 
shows that the scattering process is dominantly 2-dimensional, with out-of-plane loss that decrease 
drastically for increased refractive index, and more directional than one would expect in the 
Rayleigh limit of objects much smaller than the optical wavelength (see Fig. 2). This intriguing 
result, which can have profound consequences for the description of 2-dimensional scattering in 
random arrangements of holes in a dielectric slab, has been submitted for publication [41].  
 
We have also studied scattering and emission from period arrays of sub-wavelength holes in a 
metal, instead of a dielectric, film and compared our experimental results with results obtained by 
other groups for the emission from a single hole in a metal film. We again obtain an intriguing 
result which now show that the angular emission pattern of an array of holes differs from that of a 
single hole (= form factor) multiplied by the Fourier transform of the array (= structure factor). We 
started a collaboration with the group of Luis Martin Moreno (Univ. of Zaragoza) to explain these 
results and write a joint paper.  
 
A second main aspect of the 'Stirring of Light!' programme is the development of advanced 
nanostructures and metamaterials wherein light is strongly confined. Of particular interest are 3D 
photonic band gap crystals in which light is forbidden to propagate in all directions and for all 
polarizations. Interestingly, it remains a challenge to fabricate such 3D nanophotonic materials. 
The widely employed fabrication of 3D photonic crystals with deposition techniques suffers from 
nanocrystallinity or even amorphous backbones with concomitant impurities, which causes 
undesired scattering and absorption. A powerful alternative is to use a high purity single 
crystalline silicon for the fabrication of nanophotonic materials. The use of high-purity silicon and 
reactive ion etching allowed the Twente team to demonstrate for the first time a strong inhibition 
of spontaneous emission inside a 3D photonic band gap crystal. Nevertheless the fabrication 
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procedure requires an involved alignment of masks on two inclined planes with respect to each 
other significantly slows progress in this area [3]. 
 

 
Figure. 3 a) SEM image of a single-step mask in chromium made in the edge of a Si wafer bar. The 
mask consists of two 2D patterns (above and below the dashed line respectively) that are RIE etched 
such that their overlap forms a monolithic 3D nanostructure, notably a diamond-structured inverse 
woodpile photonic band gap crystal. A key feature of the new method is that the masks on different 
inclined planes have an ensured alignment, which is crucial to fabricate large amounts of crystals, 
including crystals with band-gap cavities and band-gap cavity arrays. The dashed line represents the 
90 degree edge of Si. b) Preliminary reflectivity spectrum revealing a broad stop band of a 3D Si in-
verse woodpile crystal, in a good agreement with the calculated ГX stop gap (grey bar).  
 

The Twente team has developed a 3D nanofabrication method using a single step etch mask on 
two inclined planes. Advantage was taken of the MESA+ cleanroom facilities, and a collaboration 
was started with experts at TU/e, ASML, and TNO. The great advantage of our method is that 
the patterning of the '3D etch mask' is done in a single step, by projecting two 2D patterns onto a 
3D surface. In this way two patterns for different planes of a sample are included in one projection 
image, hence their mutual alignment is automatically ensured. Moreover, the patterns for different 
planes can be arbitrary. Figure 3(a) shows the mask in chromium fabricated in a single step there 
the two patterns are (110) faces of a diamond like inverse woodpile structure. This mask is used to 
fabricate 3D photonic band gap crystals. Figure 3(b) shows a reflectivity spectrum of a crystal, 
revealing a broad stop gap in agreement with theory [4].  

 
The new scheme offers flexibility in the design, including controlled defects that act as cavities to 
trap light deep inside the crystal,. We pursue a recent design for tiny λ3-sized nanocavities 
(Woldering, Mosk & WLV, PRB 2014). We currently study the optical properties of the 
nanostructures in search of signatures of a nanocavity resonance. We are now also in the position 
to fabricate 2D samples with strong LDOS modifications for the benefit of the Leiden team. In case 
of random light scattering structures, the structures merit further study for optical absorption 
relevant to photovoltaics, where the Delft team has world-leading expertise. An exciting prospect 
that we foresee in this FOM programme is to exploit wavefront shaping to stir light onto a 
nanocavity within a 3D photonic band gap.  

 
In a complementary effort, the Delft team has focused on developing quadruple-junction thin-film 
silicon-based solar cells to obtain high spectral utilization and high voltages. By processing the 
solar cells on micro-textured superstrates, extremely high open-circuit voltages for photovoltaic 
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technology based on thin-film silicon alloys up to 2.91 V has been achieved with a-SiOx:H/a-
Si:H/nc-Si:H/nc-Si:H as the absorber materials (Figure 4a). Optical simulations of quadruple-
junction solar cells using an advanced in-house model is a crucial tool for us to effectively tackle 
the challenging task of current matching among the  
 

 
Figure. 4 a) Simplified sketch of a quadruple-junction thin-film silicon-based solar cell. It shows from 
top to the bottom: Ag/nc-Si:H/nc-Si:H/a-Si:H/a-SiOx:H/ITO/textured glass. The supporting p- and 
n-layers are not shown. b) External quantum efficiency (EQE) of quadruple-junction cells. The solid, 
coloured lines show the EQEs of the four individual sub-cells on modulated surface texture. The black 
line is the sum of the four, while the grey curve is the 1-Reflectance indicating the total absorption in 
the device. The orange, dashed lines are the counterparts of a cell made on micro-textured glass. 
 

individual sub-cells in such devices. After optimizing the optical design of the device and the 
absorber thicknesses, an energy conversion efficiency of 11.4% has been achieved. Based on this 
successful demonstration, strategies for further development of highly efficient quadruple-junction 
cells have been proposed. One of those is to enhance the light scattering and reduce the parasitic 
absorption in the wavelengths of interest. By using an advanced modulated surface texture 
developed by the Delft team as scattering substrate, the total photo-current density increases by 
more than 14% compared to which using conventional micro-texture, as shown in Figure 4b. On 
the other hand, for optimizing the spectral utilization, a-SiGex:H material is being developed in 
Delft as an absorber with an adjustable bandgap between that of a-Si:H and nc-Si:H. Such bandgap 
of 1.5 eV has been achieved. Together with optimal optical and electrical design, an initial 
efficiency more than 16% is anticipated for a-SiOx:H/a-Si:H/a-SiGex:H/nc-Si:H quadruple-
junction cells. 

 
Understanding the effect of different textured interfaces on the absorption enhancement in solar 
cells is a long-lasting pursuit for the Delft team. Experimentally it requires the realization 
of various interface and device structures. Recently we have been developing new scattering 
textures made by thermal annealing of thin Ag film. Various feature sizes (sub-100 nm to µm) can 
be achieved by tuning the processing conditions, so it enables the design of different light-trapping 
schemes for different device configurations. Combining it with our high- fidelity in-house nano-
imprinting processes, a broad collection of textured morphologies became available to be 
implemented into solar cells in versatile configurations. Based on these techniques, extensive 
studies on the corresponding optical performance of textures and devices will soon be triggered.  
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In our 'Stirring of Light!' programme, we also pursue self-assembled colloidal nanostructures to 
realize nanostructures complementary to bottom-up methods. In the past year, the Utrecht team 
has successfully determined the phase diagram of a mixture of rods and spheres. Previous work 
had shown that a binary smectic phase exists in a system of fd-virus and polystyrene spheres and in 
a system of nanorods and nanospheres. In this structure, smectic rows of rods alternate layers of 
spheres. These studies, however, did not show the exact structure of the BS phase on the single 
particle level, and did not explore its stability as  
 

   
Figure. 5 
The picture in the middle shows a vertical confocal cross section through an equilibrated sediment in 
a rod-sphere mixture. Images of horizontal planes at different height show a sequence of microstruc-
tures, with the binary smectic in image (e). The left shows the composition Xspheres/rods and the nematic 
order parameter S3D as a function of height. 
 

a function of equilibrium pressure and composition. In our system of fluorescently labeled silica 
particles we used a combination of confocal microscopy and particle identification algorithms to 
determine for the first time the structure and composition of the binary smectic phase on the single 
particle level (Figure 5). Because of this, we determined equilibrium pressures and other 
characteristic properties of the system like composition, volume fraction and the local nematic 
order parameter. Moreover, we recorded the equation of state in sediments of silica rods and 
spheres and mapped out the experimental phase diagram of this system. We find that the phase 
diagram has a binary smectic phase in a range of compositions Xspheres (the number fraction of 
spheres) extending from 0 to a maximum of about 0.5, depending on the pressure. We find that the 
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rods are organized in a smectic B like manner. In the smectic B phase, the rods are ordered 
hexagonally, but there is no correlation between different layers of rods. In between the smectic 
rows of rods, there is a disordered layer of spheres. These results mean that the number of spheres 
in the liquid crystal can be tuned over a broad range. We also showed that it is possible to direct 
the assembly of the binary smectic phase into one single domain using ac-electric fields. These 
results will be important in future applications. For instance, a colloidal photonic crystal of silica 
rods could be made, which is doped with spheres functionalized with luminescent quantum dots. 
 

 
Figure. 6  
(A) SEM image of an individual supraparticle self-assembled of CdSe (core) CdS/CdZnS/ZnS 
(multishell) quantum dots, clearly showing the constituent nanocrystals. (B) Microscope image of the 
supraparticles on a SiO2 substrate under UV excitation at 349 nm. (C) PL emission spectra of four 
supraballs of different radius, showing spectral features related to the whispering gallery mode struc-
ture. 
 

In collaboration with the group of Vanmaekelbergh (Utrecht University) the Utrecht team demon-
strated that quantum dot supraparticles with a nonspherical shape show stable and bright 
broadband emission from exciton and multiexciton states with a similar quantum yield as 
individual QDs in dispersion (Figure 6). The PL efficiency of these scalable solid-state systems of 
about 55% surpasses that of the purest single crystalline bulk semiconductors. Spherical 
supraparticles emit from whispering gallery modes fed by the lowest exciton states. We have, 
hence, developed a class of bright QD supraparticles with a scalable size, the optical properties of 
which can be tuned by their shape. Individual supraparticles, which can be made with diameters 
from 100 nm to micrometers, can have high potential in applications varying from biolabeling to 
integration with waveguides in silicon nitride optoelectronics. Moreover, although lasing from 
these supraparticles was not observed yet, we believe that finding the conditions such that the Mie 
modes that we found also show gain and finally lead to supraparticle lasing is a question of time. 
Finally, we remark that spherical supraparticles are colloids, for which microfluidic methods are 
available to reduce the size dispersion. This means that it should be possible to further assemble 
the supraparticles in a third step in hierarchy to form photonic crystals for optical wavelengths. 
Hence, our results also open new versatile three-step routes for scalable fabrication of 
nanophotonic structures.  

 
The Eindhoven team has successfully designed and developed a setup to perform measurements 
on a dusty plasma, which acts as a variable scatter sample. When macroscopic dust particles are 
immersed in a discharge, they acquire a negative charge due to the significant difference in 
mobility between electrons and ions. Due to this negative charge, dust particles are being confined 
by the electrostatic field in the plasma sheath at the border of the discharge. By changing the 
plasma parameters, particle cloud properties like density and configuration can be controlled 
carefully. The advantage of having a dusty plasma as a scatter sample is that properties of the 
sample can be changed I) in-situ and II) by just 'turning a knob'. With the newly built setup, light 
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coming from the sample can be measured spectroscopically at 360° around the sample. 
Furthermore the setup is designed in such way that new features, like the mobile optical wave-
front-shaping setup from Twente, can easily be implemented in future. After the plasma setup was 
moved to a new lab, it has been intensively tested and improvements have been made. As a test 
case, the first measurements have been performed on a small dust cloud where single scattering is 
dominant, see Figure 7. These tests were successful, as the results of these measurements are 
consistent with theory. Parallel to the experiments, a numerical model is in development to unite 
theory and experiments. As the model will be able to deal with different geometries, other groups 
could benefit from this model as well.  
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Figure. 7 The intensity of light scattered from a dust cloud as function of the scatter angle. As a test 
case a small scatter sample is used where single scattering is dominant. This causes saturation of the 
signal at small angles. The view is blocked by three asymmetrically placed pillars that keep the bottom 
electrode in position.  
 

Theoretical interpretation of experimental observations on control of light propagation and 
emission is also an integral part of our 'Stirring of Light!' programme. Here, the AMOLF-Twente 
team has devised a new, original method that allows calculations of infinite systems to be 
extended to represent finite-size effects without actually reducing the size of the infinite system. 
The method is based on an extension of the wave-vector space of the Green's functions into the 
complex plane. FOM PhD student E. Yeganegi (originally funded by the FOM Plasmonics 
programme, led by Kuipers) has successfully applied this theory to a one-dimensional model. 
Guided by Lagendijk, she has developed the model for a three-dimensional finite photonic crystal. 
We have finally devised a theory that explains exciting experimental data on strong inhibition of 
spontaneous emission in a 3D photonic band gap. The 1-dimensional results have been published 
[12] and the 3D finite-size results are part of the PhD thesis that has been defended in 2014 with 
Lagendijk as promotor. Our model is applicable to a wide range of complex photonic systems that 
are studied in this FOM programme, and much beyond.  
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In 2014, Prof. Lagendijk spent two extended periods of time (three months each) as a 'professeur 
invité' at the prestigious ESPCI ParisTech (Ecole Supérieure de Physique et de Chimie Industrielles de la 
Ville de Paris), hosted by world famous scientists Prof. Mathias Fink and Rémi Carminati. In 
addition to teaching advanced seminar series to young (and old) scientists on nanophotonics and 
multiple light scattering, Lagendijk also developed a model to compute light scattering and 
spontaneous emission from ab initio for any type of nanophotonic sample and in any geometry.  
 
2. Added value of the programme 
Cohesion within this FOM programme is notably ensured by visits of each junior to each partner 
group for a whole day to get a good over-view of the expertise and infrastructure of all partners. In 
the first year, the first five PhD students (Delft, Leiden, Utrecht, Twente) organized and performed 
one-day visits to each of the four involved sites, to obtain overviews of research in the relevant 
team, as well as on the available facilities. As the Eindhoven team started later, its team members 
are now in the process of visiting the other teams, and show their infrastructure to the partners.  

 
The project partners are gearing up to hold a second programme meeting in the summer of 2015, 
in order to update on progress, share know-how, samples, and equipment, and to plan joint 
experiments and projects.  

 
The participating teams have developed various infrastructure and know-how that is of special 
usage to the partner teams in this FOM programme, partly following original planning, and partly 
as new developments. We are aware of the following features:  
a) The Twente team collaborates with TU/e (and others) to develop novel nanofabrication 

techniques for silicon photonics. This also benefits studies pursuing LDOS-fluctuations done by 
the Leiden team.  

b) The Delft team has developed solar cell structures, both amorphous and nanocrystalline, that 
are available to the other teams in this programme. The Leiden team currently uses these 
structured silicon samples for studies of enhanced absorption under illumination with spatially 
structured light.  

c) The Leiden team has built a SLM-based confocal microscope setup for position-resolved lifetime 
measurements. This setup is also available for the analysis of (the local density of optical states 
of) samples from the other teams.  

d) The mobile wavefront shaping setup built in Twente is available for programme partners, 
notably those without major optics infrastructure (at Eindhoven and Utrecht) to transfer know-
how on wavefront shaping.  

e) Insights on the spatial correlations obtained in Twente are helpful for programme-partners in 
Leiden that aim to perform high-quality wavefront shaping.  

f) The nanostructures that have been realized in Utrecht are a suitable platform for light scattering 
experiments on samples with controlled optical inhomogeneity – so-called 'photonic 
cappuccino' – which is planned to be studied in collaboration with the Twente team.  

g) Theoretical modeling of light scattering from ab-initio by the Twente-AMOLF team provides 
data to interpret observations of all experimental teams.  

h) The FOM programme 'Stirring of light' benefits from Eindhoven research since we explore - in a 
fundamental way - light scattering by both single particles and by complex structures of 
multiple scatterers. 

 
3. Personnel 
Appointed personnel: The first five PhD positions had been filled early in 2013. The sixth PhD stu-
dent has started in Eindhoven in December 2013. Hiring of the theory Postdoc by the AMOLF 
team experienced an unfortunate delay. A challenge is that the required skills are demanding, and 
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a deep knowledge of and affinity with theory of complex photonic systems is required. In the end 
a large number of candidates were interviewed, and several candidates were offered the position. 
In the end, we are very pleased to recruit dr. Bel Hassan (PhD Uni Jena), who will start as of July 
2015 (depending on IND immigration authorities.)  

 
Distinguished guest scientists: Conforming to our programme-planning, we have been fortunate to 
attract world-leading scientist Prof. Hui Cao (Yale University) for multiple visits to the 
Netherlands. Following her visit in 2013, she visited in the spring of 2015, notably as invited 
speaker at a Lorentz Center Workshop 'Transformations in Optics'. In collaboration with the group 
of Prof. Cao, the Twente team has performed a simulation study that reveals intriguing effects of 
absorption of light in a waveguide, where light transport is seen to behave quasi-ballistically in 
presence of a strong absorption [3]. With a second designated partner, the well-known theorist dr. 
Martijn Wubs (DTU Denmark), we have initiated a theory project to elucidate the role of the local 
density of states on Förster resonant energy transfer, a prime interaction between different light 
emitters in nanometer vicinity. A first presentation will be given at CLEO-Europe in München, 
June 2015. We are looking forward to more fruitful exchanges with Prof. Cao and dr. Wubs, as well 
as with other visitors of our FOM programme.  

 
Group leaders: Since dr. Tukker and Prof. Haverlag have accepted new positions elsewhere, they 
have decided to step down as advisor at TU/e to the project. In their place, we wish to appoint 
Prof. Wilbert IJzerman (part-time at TU/e, part-time at Philips Lighting) as a new advisor to the 
TU/e project. Prof. IJzerman is an expert on light scattering in white LEDs, and he is thus a great 
reinforcement to this FOM programme.  
 
4. Publications 
Since most PhD students are in their second year, it is exciting that first papers are being pub-
lished, and being submitted (at least three). The Delft team published an APL on the very first 
quadruple-junction solar cells in thin-film silicon PV technology, promising improved solar 
spectrum utilization [21]. The Utrecht group published an impressive number of papers, including 
one in Nature Communications [52]. The Twente team published a PRB with Yale, and Twente and 
AMOLF published another PRB. In a collaboration of the Twente and AMOLF teams with 
Eindhoven colleagues, an Opt. Express paper was published on light scattering applied to white 
LEDs [1]. Last but not least, the enthusiastic junior scientists in this programme have realized 
substantial output (more than 20 papers) at international and national conferences. 
 
11SOL01 (Twente)  
- [1] Y.F.V. Leung, A. Lagendijk, T.W. Tukker, A.P. Mosk, W.L. IJzerman, and W.L. Vos, Interplay 

between multiple scattering, emission, and absorption of light in the phosphor of a white light-emitting 
diode Opt. Express 22, 8190-8204 (2014). 

- [2] S.F. Liew, S.M. Popoff, A.P. Mosk, W.L. Vos, and H. Cao Transmission channels for light in 
absorbing random media: from diffusive to ballistic-like transport Phys. Rev. B 89, 224202: 1-10 (2014). 

 
11SOL02 (Twente-AMOLF)  
- [3] E. Yeganegi, A. Lagendijk, A.P. Mosk, and W.L. Vos, Local density of optical states in the band 

gap of a finite one-dimensional photonic crystal, Phys. Rev. B 89, 045123: 1-10 (2014). 
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11SOL03 (Delft)  
- [4] F.T. Si, D.Y. Kim, R. Santbergen, H. Tan, R.A.C.M.M. van Swaaij, A.H.M. Smets, O. Isabella, 

and M. Zeman Quadruple-junction thin-film silicon-based solar cells with high open-circuit voltage 
Appl. Phys. Lett. 105, 063902 (2014). 

- [5] H. Tan, E. Moulin, F.T. Si, J.-W. Schüttauf, M. Stuckelberger, O. Isabella, F.-J. Haug, C. Ballif, 
M. Zeman, and A.H.M. Smets Highly transparent modulated surface textured front electrodes for 
high-efficiency multijunction thin-film silicon solar cells Prog. Photovolt. Res. Appl., accepted for 
publication. 

 
11SOL04 (Eindhoven)  
- [6] L.P.T. Schepers, J. Beckers, T.W. Tukker, and W.L. Ijzerman. Light scattering on dusty plasmas 

for enhanced color management in white LEDs. 17th Euregional Workshop on the Exploration of 
Low Temperature Plasma Physics (WELTPP-17 2014), 20-21 November 2014, Kerkrade, The 
Netherlands (poster). 

- [7] B. Platier, L.P.T. Schepers, J. Beckers, and G.M.W. Kroesen In situ Mie scattering Ellipsometry 
on a single dust Particle 17th Euregional Workshop on the Exploration of Low Temperature 
Plasma Physics (WELTPP-17 2014), 20-21 November 2014, Kerkrade, The Netherlands (poster 

 
11SOL05 (Leiden)  
- [8] F. Mariani and M.P. van Exter, Scattering of guided light by a single hole in a dielectric slab Optics 

Express (submitted March 2015, 10 pages). 
- [9] F. Mariani and M.P. van Exter Diffraction orders of Extraordinary Optical Transmission and 

angular emission of metal holes arrays Physics@FOM conference, Veldhoven January 22, 2014 
(poster). 

 
11SOL06 (Utrecht)  
- [10] A. Kuijk, A. Imhof, M.H.W. Verkuijlen, T.H. Besseling, E.R.H. van Eck, and 

A. van Blaaderen, Colloidal Silica Rods: Material Properties and Fluorescent Labeling Particle & 
Particles Systems Characterization 31, 706-713 (2014). 

- [11] A. Kuijk, T. Troppenz, L. Filion, A. Imhof, R. van Roij, M. Dijkstra, and A. van Blaaderen, 
Effect of external electric fields on the phase behavior of colloidal silica rods Soft Matter 10, 6249-6255 
(2014). 

- [12] B. Liu, T. H. Besseling, M. Hermes, A.F. Demirörs, A. Imhof, and A. van Blaaderen, 
Switching plastic crystals of colloidal rods with electric fields Nature Communications 5: 3092 (2014). 

 
5. Valorisation and outreach 
Twente (11SOL01)  
The Twente team maintains active collaborations with ASML, TU/e, and TNO on Si nano-
fabrication. With Philips Research and Philips Lighting, the team collaborates on light scattering, 
absorption, and re-emission in random structures typical of white LEDs.  
 
Organized Meetings:  
O.S. Ojambati, Devashish, M.G. Porcel, G.W. Steen, and P.W.H. Pinkse (Organizers) 
International Applied Nanophotonics (ANP) workshop, 80 participants.  
Tecklenburg, Germany, June 19 through 22, 2014. 
 
A.P. Mosk, C. Beenakker, and J.B. Pendry (Organizers)  
'Transformations in Optics'  
Lorentz Center Workshop, University of Leiden  
18 May 2015 through 22 May 2015  
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Presentations and papers for broad audience:  
Youtube Interview with Diana Grishina en Femi Ojambati  
FOM Jaarboek 2014  
http://www.fom.nl/live/overfom/jaarverslagen/artikel.pag?objectnumber=292544  
 
W.L. Vos  
In: Waarom wordt papier doorschijnend als er olie op komt?  
By: Tomas van Dijk,  
Item in de serie 'Wetenschapswinkel', De Standaard (Belgium) (March 2014)  
 
W.L. Vos  
In: Nobelprijs voor de Natuurkunde voor blauwe led  
By: Kijk Redactie  
Kijk Magazine (October 2014)  
 
W.L. Vos  
Radio interview in 'Nobelprijs Natuurkunde voor blauw LED-lampje ' 
Presenter: Bennie Mols  
NPO Radio 5, (October 2014)  
 
News items about our papers:  
Patricia Daukantas  
Finding the right color for white LEDs from first principles  
Optics and Photonics News (OSA) Vol.25 No.6 pp.14 (June 2014 )  
 
Michael Berger  
Don't gamble, use physics for LED lighting  
nanowerk.com (April 2014)  
 
Twente-AMOLF (11SOL02)  
Talks for broad audience:  
A. Lagendijk  
Kijken door het ondoorzichtige  
Science café, Enschede, November 19, 2014  
 
Articles in newspaper: 
A. Lagendijk  
Weg met die lijstjes, Parijs beste voor studie1 
NRC Handelsblad, 10 november 2014 
 
News item about our papers:  
Patricia Daukantas  
Better understanding of finite photonic crystals  
                                                      
1 Franse universiteiten scoren niet hoog op de internationale lijstjes. Ten onrechte, meent Ad Lagendijk. ‘Wat is een betere plek voor 
mijn kind om natuurkunde te studeren, Harvard of MIT?” Een dergelijke vraag wordt mij regelmatig gesteld. Met variaties in de 
locaties, zodat ook plaatsen als Stanford en CalTech voorbij komen. Mijn antwoord wekt verbazing en ongeloof: „Als uw kind toch 
naar het buitenland gaat, is de beste plek Parijs.”De bevreemding komt voort uit het feit dat deze ouders fanatiek lijstjes bestuderen 
waarop universiteiten wereldwijd vergeleken worden. Franse instellingen scoren daarop niet hoog. Amerikaanse wel. Nederlandse 
bestuurders vieren feest als ‘hun’ instelling van plaats 83 naar plaats 77 is gestegen. En de Nederlandse media rapporteren 
minutieus de kleinste bewegingen in posities op deze zinloze lijsten. Zie nrc.nl  

http://www.fom.nl/live/overfom/jaarverslagen/artikel.pag?objectnumber=292544
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Optics and Photonics News (OSA) Vol.25 No.4 pp.11 (April 2014)  
 
Delft (11SOL03)  
Press release: 
TU Delft light trapping scheme delivers world record efficiency of thin-film silicon solar cell 
http://www.tudelft.nl/en/current/latest-news/article/detail/uitvinding-voor-lichtvangst-van-tu-
delft-levert-record-efficientie-op-voor-dunne-film-zonnecel/ 
 
Eindhoven (11SOL04)  
Outreach to broad audience:  
J. Beckers, L.P.T. Schepers, T.W. Tukker, and W.L. Ijzerman  
Physical methods for illumination optics – 'light scattering on dusty plasmas' 
ILI outreach event. Eindhoven, 15-12-2014.  
 
Leiden (11SOL05)  
Dr. Martin van Exter is chairperson of the scientific advisory committee of the FOM-Philips IPP 
'Nanophotonics for solid-state lighting', headed by Prof. dr. J. Gomez Rivas. The optimum use of 
scattering and nano-scale structuring for solid-state lighting is the central theme in this IPP, as it is 
in our FOM programme.  
 
Supervision of two talented high-school students in a pre-university project, which involved two 
weeks experimental work in our laboratory and provided them with the necessary data to write a 
'profielwerkstuk'. This research, entitled 'Optische verstrooiing aan nanodeeltjes', involved 
spectral- and polarization-resolved scattering experiments on latex spheres and diluted milk and 
was supervised by FOM oio Flavio Mariani.  
 
Utrecht (11SOL06)  
Colloidal nanostructured samples were shown to the general public as part of the 'Open Day' of 
the Physics Department at Utrecht University in 2014.  
 
6. Vacancies 
None (see section 3). 
 
  

http://www.tudelft.nl/en/current/latest-news/article/detail/uitvinding-voor-lichtvangst-van-tu-delft-levert-record-efficientie-op-voor-dunne-film-zonnecel/
http://www.tudelft.nl/en/current/latest-news/article/detail/uitvinding-voor-lichtvangst-van-tu-delft-levert-record-efficientie-op-voor-dunne-film-zonnecel/
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Fact sheet as of 1 January 2015 

 FOM - 12.0171/3 
 datum: 01-01-2015 
 
 
APPROVED FOM PROGRAMME  
 
 
Number 138. 
  
Title (code) Stirring of light! (SOL) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. W.L. Vos 
  
Duration 2012-2017  
  
Cost estimate M€ 2.1 
  
Concise programme description 
a. Objectives 
We aim to literally 'stir' light inside nanophotonic media. As a result, we can address the challenge: 
How can input light be absorbed as efficiently as possible in order to be converted to targeted 
forms of energy? These forms include electric power from a solar cell, or many colors in white-
light illumination.  
 
b. Background, relevance and implementation 
In this FOM programme, we propose a radical departure from two traditional viewpoints in 
optics. First, scattering of light is traditionally considered to be a nuisance since it prevents us from 
looking straight through a window covered with dust. Recently, however, it has been realized that 
scattering of light is rather a great advantage. For example, our team has demonstrated that light 
can be focused much tighter with an intricate lens made of scattering material than with a usual 
transparent lens. Secondly, optical absorption is traditionally considered such a nuisance that any 
scientist in the field tries to avoid it. This aversion of absorption is understandable since 
nanophotonic media are designed to have photons scatter many times – as if they were pinballs - 
and thus absorption amounts to destroying of photons: 'game over!' Recently, however, it has been 
realized that optical absorption can be strongly manipulated – either enhanced or reduced – by 
controlling the incident light fields.  
In order to radically depart from these two limiting traditions, we aim to literally 'stir' light inside 
nanophotonic media. As a result, we can address the challenge: How can input light be absorbed 
as efficiently as possible in order to be converted to targeted forms of energy? These forms include 
electric power from a solar cell, or many colors in white-light illumination.  
We propose to fundamentally study and manipulate the optical phase space density for light – as it 
were 'stirring of light' through phase space – by combining in-sights gained from optical wavefront 
shaping with advanced structures made by colloidal self-assembly. As a result, we will be able to 
convert photons as efficiently as possible to other targeted forms of energy such as electric power, 
or transfer the energy of light to a different color. We wish to apply these concepts to realize a 
technology push for real devices such as solar cells, LEDs and broadband sources. Therefore we 
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have assembled a team of fundamental and applied researchers from AMOLF, Delft, Eindhoven, 
Twente, Utrecht, including experimentalists and theorists, as well as researchers with a part-time 
industry affiliation.  
 
 
Funding  
salarispeil cao per 01-07-2012 
 
bedragen in k€ < 2014 2015 2016 2017 2018 2019 ≥ 2020 Totaal 

FOM-basisexploitatie 1.138 534 385 72 - - - 2.129 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 1.138 534 385 72 - - - 2.129 
 
 
Source documents and progress control 
a) Original programme proposal: FOM-11.1202 
b) Ex ante evaluation: FOM-11.1401 
c) Decision Executive Board: FOM-12.0170 
 
 
Remarks 
The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen for 2017. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 AW par. HOZB 
 
 
Subgebied: 100% NANO  
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Historical overview of input en output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2012 - - 1.7 - 69 

2013 - - 5.0 - 227 

2014      

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2012 - - 1 - 

2013 - 1 29 - 

2014 - 2 26 1 

* After closing the financial year. 
 
 
PhD defences 
2012 
None. 

2013 
None. 

2014 
None. 

 

 
 
Patents (new/changes) 
2013 
None. 

2014 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-D-58 

Leader Prof.dr. M. Zeman 
Organisation Delft University of Technology 
Project leader Dr. O. Isabella 
Programme Stirring of light! 
Project (title + number) Stirring of light in photovoltaic systems 11SOL03 
 
FOM employees on this project 
Name  Position Start date End date 
F.T. Si PhD 05 December 2012 04 December 2016 
 
 
Workgroup FOM-E-22 

Leader Prof.dr.ir. G.M.W. Kroesen 
Organisation Eindhoven University of Technology 
Project leader Prof.dr.ir. W.L. IJzerman 
Programme Stirring of light! 
Project (title + number) Stirring of light in broadband light sources (11SOL04) 
 
FOM employees on this project 
Name  Position Start date End date 
L.P.T. Schepers PhD 1 December 2013 30 November 2017 
 
 
Workgroup FOM-L-31 

Leader Dr. M.P. van Exter 
Organisation Leiden University 
Programme Stirring of light! 
Project (title + number) Stirring of the local density of states of light 11SOL05 
 
FOM employees on this project 
Name  Position Start date End date 
F. Mariani PhD 01 June 2012 31 May 2016 
 
 
Workgroup FOM-T-24 

Leader Prof.dr. W.L. Vos 
Organisation Twente University 
Project leader Prof.dr. A.P.Mosk 
Programme Stirring of light! 
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Project (title + number) Stirring of the energy density of light 11SOL01 
 
FOM employees on this project 
Name  Position Start date End date 
D. Grishina PhD 01 February 2013 31 January 2017 
O.S. Ojambati PhD 01 October 2012 30 September 2016 
 
 
Workgroup FOM-U-09 

Leader Prof.dr. A. van Blaaderen 
Organisation Utrecht University 
Project leader Dr. A. Imhof 
Programme Stirring of light! 
Project (title + number) Stirring of light in colloidal systems 11SOL06 
 
FOM employees on this project 
Name  Position Start date End date 
H.E. Bakker PhD 01 April 2012 31 March 2016 
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